Background: Brucellosis is a major bacterial zoonosis affecting domestic livestock and wild mammals, as well as humans around the globe. While conducting proteomics studies to better understand Brucella abortus virulence, we consolidated the proteomic data collected and compared it to publically available genomic data.
Background
Brucella species bacteria are gram negative alpha proteobacteria superbly adapted for survival in intracellular environments. They infect a wide range of mammals, including essentially all economically important domestic mammals, many wild species, and humans. Brucellosis is the largest bacterial zoonosis in the world [1] [2] [3] . In humans, untreated brucellosis is a long lasting disease characterized by recurrent fever episodes and clinical manifestations that include spondylitis, severe headaches, joint or abdominal pain, endocarditis, and meningoencephalitis. In severe non-treated cases brucellosis can cause death [1] [2] [3] .
Seven terrestrial Brucella species have been defined: Brucella melitensis, Brucella abortus, Brucella suis, Brucella ovis, Brucella canis, Brucella neotomae and Brucella microti which infect goats, cattle, pigs, sheep, dogs, desert wood rats and common voles, respectively [1, 4] . Two Brucella species infecting marine mammals such as dolphins, whales, seals, sea lions and walrus have also been defined as Brucella ceti and Brucella pinnipedialis [5] [6] [7] . With the exception of B. suis biovar 3, the Brucella genome is encoded on two chromosomes, containing in total approximately 3,500 genes. Genome sequences from 32 different Brucella strains, representing all species, have been published either as complete genomes (10 strains) or as draft assemblies in NCBI (22 strains) [8] [9] [10] [11] [12] [13] [14] . The raw genome sequencing data of 78 other strains is also available in the Sequence Read Archive of NCBI. The genome sequences were very highly homologous, although regions of unique genetic material were also observed. It is possible that these regions are involved in establishing the distinct host preferences and biological behavior of the different Brucella species sequenced to date [15] .
Unlike other pathogenic bacteria, Brucella virulence does not appear to be the result of relatively few virulence genes that can be transferred horizontally via plasmids, phages, or assembled in pathogenicity islands. Brucella also lack typical virulence factors such as exotoxins, flagella, capsules, and type III secretion systems. Rather, the pathogen's virulence appears to be an integrated aspect of its physiology. Therefore, to better understand Brucella virulence, we will need to better understand the Brucella proteome, including how it changes during the different stages of the intracellular and extracellular Brucella lifecycles, and how it interacts with host proteins and processes. Indeed, we have previously demonstrated that Brucella bacteria are capable of extensive, reversible, remodeling of their cell envelopes [16] . Furthermore, during the establishment of an intracellular infection, Brucella bacteria also appear able to carry out extensive, and reversible, modifications to their biosynthetic pathways and respiration in order to adapt to the changing microenvironments encountered in infected host cells [17] . This suggests that the Brucella proteome is considerably more dynamic than previously suspected, and that in depth proteomic analysis of the pathogen, as well as integration of these data with the available genomic information, will result in novel mechanistic and possibly therapeutic insights.
In this work we have generated a synthesis of the proteomic datasets we produced from multiple independent comparisons of Brucella strains either grown in media or retrieved from infected host cells. Some of this data is currently publicly available [ [16, 17] ;http://proteomicsresource.org/Default.aspx] with the remainder becoming available as part of this work. These studies were originally designed to identify experimental condition-specific differences in the Brucella proteome. We compiled the experimental evidence for any Brucella protein detected and compared the proteomic data to the available genomic data. We provide the first direct experimental evidence for the expression of 305 Brucella proteins, but also identified experimental evidence for the expression of five genes previously annotated as pseudogenes, and of start site errors in two other genes.
Results and Discussion

First experimental evidence of the expression of 305 proteins in B. abortus 2308
Samples used for the proteomic analysis came from B. abortus either grown extracellularly in media or isolated from infected RAW264.7 macrophages. The extracellular samples included whole bacteria grown directly in tryptic soy broth, outer membrane preparations (blebs) [16] (Table 1) . We also report genome annotation errors for two proteins, expression of ORFs annotated pseudogenes for four proteins and one correction to the sequence of another previously annotated pseudogene which allows for its full length expression. Peptide sequences corresponding to these 312 proteins are listed in Additional File 1. The peptide coverage for the 305 newly demonstrated proteins varied from 1 to 20, with an average of three peptides per protein. In order to confirm the expression of proteins identified by a single peptide, we manually validated all MSMS spectra that had a sequence assignment score smaller than 45. Forty-four of the 305 proteins were described previously as hypothetical with no putative function. When subcellular localizations were predicted using three publicly available tools [18] [19] [20] , 226 proteins were predicted to be cytosolic, ten were inner membrane proteins, 25 were periplasmic, three were outer membrane proteins and the localization of 48 proteins could not be predicted (Table 1) . Experimental evidence for the expression of the other 309 of the 620 proteins has been demonstrated previously by our group [16, 17] and others [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . It is important to note that we are reporting an analysis of the combined results of several independent experiments using the same bacterial strain and technology to acquire the data. However, each experiment was a separate comparative study designed to identify differentially expressed bacterial proteins under specific conditions per experiment. Proteins that were not sufficiently differentially expressed under the experimental conditions used would have not been identified. Thus, while our results can be used to confirm that the proteins reported were expressed, they may underestimate under what conditions they can become expressed.
Correction of five pseudogene annotations
In previous studies using B. abortus 2308, we used the genome databases available on NCBI for B. abortus, B. melitensis and B. suis for protein identification. More than once, we obtained peptides which matched proteins supposedly expressed only by the latter two species. Upon verification, those peptides were manually assigned to ORFs of previously annotated pseudogenes of B. abortus strain 2308 (NCBI taxonomy ID 359391). We therefore assembled a custom protein database which included the predicted translation sequence of all B. abortus 2308 ORFs annotated as pseudogenes. Using this database, we were able to confirm the protein expression of five of (Figure 1 ). For BAB1_1645 and BAB1_1646 (Figure 1 ), the nucleotidic sequence was 99% identical to their BMEI0397 and BMEI0396 counterparts, leading to two cytoplasmic B. abortus 2308 dihydroxyacetone kinases involved in glycerolipid metabolism that are 98% and 100% identical to the B. melitensis proteins, respectively. The case of BAB2_0216, which seems to be a 3-hydroxybutyryl-CoA dehydrogenase, was more complex and confusing, having a single nucleotide deletion when compared to B. melitensis. This deletion would lead to the silencing of the stop codon which creates two separate proteins in B. melitensis, BMEII1020 and BMEII1021. In B. abortus 2308, a fusion of the two genes would generate a much larger protein. However, the start codon in the corresponding ORF of vaccine B. abortus S19 (BAbS19_II02060) is different from BMEII1020, and even more different from the start codon and carboxyl terminal sequence of the counterparts in B. suis (BSUIS_B0227), B. ovis (BOV_A0203), B. canis (BCAN_B0224) and B. ceti (BCETI_6000534). As a consequence, the lengths of B. abortus and B. melitensis proteins differ considerably from those of other Brucella. Since the BAB2_0216 peptide that we found is located in the N-terminal section of the protein (Figure 1 ), we are able to confirm the expression of this originally annotated pseudogene, but were unable to confirm the expression of the full length protein.
The sequence of the BAB1_1768 pseudogene was found to be misannotated in B. abortus 2308. The peptide sequence "TAGYGVGGAALGALAGGAIGGNGR" could not be found in the B. abortus 2308 nucleotide-derived proteome but matched the B. melitensis locus tag BMEI0287. In fact, except for 1 nucleotide, the corresponding 2308 genomic sequence is identical to that of BMEI0287 ( Figure 2C ). In B. abortus 2308, a single nucleotide insertion in BAB1_1768 modifies the reading frame, hence its original annotation as a pseudogene. The manually validated peptide matches B. abortus 2308 only when the additional nucleotide is removed, indicating that the sequence for locus BAB1_1768 should be corrected (Figure 1) . Also to note is the earlier start site in B. abortus 2308, and all other species sequenced to date, when compared to B. melitensis 16 M. We believe that the B. abortus 2308 start site was correctly assigned in the publicly available genome given the clear presence of a ribosome binding site in position -8 of the B. abortus sequence.
Correction of two start site annotations errors
Another type of annotation error identified in our studies was the erroneous assignment of gene translation start sites. For 2 proteins of B. abortus 2308, we report the expression of manually validated peptides corresponding to the sequence found upstream of their currently annotated start sites (Figure 2 ). The peptide sequence "MNI-HEYQAK" was first found to match the cytoplasmic B. melitensis succinyl-CoA synthetase subunit beta protein (BMEI0138) and then assigned manually to BAB1_1926. Sequence comparison with other Brucella species and strains shows that the B. abortus 2308 protein start site is not shared with any of the subject sequences (Figure 2A) . In fact, all homologues of this protein in other Brucella strains or species share the same start site, which is found 22 amino acids upstream of the B. abortus 2308 site. Moreover, a ribosome binding site can clearly be mapped to position -8 of the proposed new translation start site. We therefore believe this new start site to be accurate.
The second peptide, "TDLLPIMK", was found to match the cytoplasmic B. melitensis keto-hydroxyglutaratealdolase (BMEII0009) and then assigned to BAB2_0083 in B. abortus 2308. This peptide overlaps the region upstream to the currently annotated translation start site and the first three amino acids based on the annotated translation start site ( Figure 2B) . Alignment of the current B. abortus 2308 protein sequence with its counterparts in other Brucella strains and species indicates that the 2308 protein sequence is falsely truncated. Other start sites lead to proteins having N-terminals longer by 11, 26 or 44 amino acids. Although we cannot clearly indicate the actual start site of BAB1_1926 or BAB2_0083, we can confirm that their N-terminals are longer than currently annotated. Based on the homology of the B. abortus 2308 genome being highest with that of other B. abortus strains, one can speculate that the start sites would be identical to those mapped in these strains.
Operons
Since genes that are part of an operon are usually co-transcribed, it is possible that these genes might also be cotranslated [32] . Considering all proteins identified by our studies, we were able to almost fully reconstitute one of the two ribosomal RNA operons, with all but BAB1_1237 found. Additionally, the previously mentioned BAB1_1645 and BAB1_1646 genes are predicted to be part of an operon containing 6 genes, BAB1_1645 to BAB1_1650 http://www.microbesonline.org/operons/ gnc359391.html. Four of these proteins were detected in our studies, although only BAB1_1645, -46 and -48 were found in the same experimental condition.
Conclusions
Mass spectrometry has proven to be a valuable tool to identify and correct genomic annotation errors in the study of microorganisms [33] [34] [35] [36] [37] . We performed a proteomics analysis of B. abortus 2308 proteins expressed upon extracellular and intracellular growth conditions to validate existing gene predictions at the protein level, to 
T N E Q R T * * * * * * * * * * * * * * * * * * * * * * acquire useful information on B. abortus 2308 expressed proteins and to identify and correct inaccurately annotated ORFs. We were able to confirm the expression of over 300 previously unreported proteins and five pseudogenes, and corrected two wrongly assigned translation start sites. Taken together, these findings further demonstrate that computational genomic annotation errors can be corrected using proteomics. This will lead to improved databases and thus better protein identification and functional annotation.
Methods
Brucella abortus protein preparation for mass spectrometry analysis
Four types of B. abortus 2308 samples were prepared: outer membranes, cytosols, intracellular bacteria isolated from infected RAW264.7 macrophages and extracellular bacteria from overnight cultures. Outer membrane samples were prepared and processed for mass spectrometry analysis as previously described [16] . Cytoplasmic fractions were prepared as described previously [38] . Briefly, bacteria grown in tryptic soy broth (Difco) in 2-liter flasks on an orbital shaker and harvested by centrifugation in sealed cups at 7,000 × g for 20 min. The thick slurry of bacteria were suspended in 10 mM phosphatebuffered saline (pH 7.2) was passed twice through a French press (Pressure Cell 40 K, Aminco; SLM Instruments Inc., Urbana, Ill.) at an internal pressure of 35,000 lb/in 2 . The homogenate was digested with 50 mg of DNase II type V and RNase A per ml (Sigma) for 18 h at 37°C and fractionated by ultracentrifugation. The cell envelopes in the bottom of the tube removed and the cytoplasmic fractions in the supernatant, filtered, lyophilized and characterized as described previously [39] . Intracellular bacteria were isolated from RAW264.7 macrophages 3, 20 and 44 hours post-infection as previously described [17] . Proteins were extracted from intracellular and extracellular bacteria using the same method and digested for mass spectrometry as previously described [17] .
Liquid Chromatography -Mass Spectrometry (LC-MS)
Peptide digests were analyzed by liquid chromatography coupled to mass spectrometry (LC-MS) as described [40] . Briefly, the samples were injected onto a reversed-phase column (Jupiter C18, Phenomenex, Torrance, CA) for HPLC separation. For LC-MS survey scans, the mass spectra were acquired over 400-1600 Da at a rate of 1 spectrum/second. Peptide sequencing was achieved by targeted and shotgun LC-MS/MS. For MS/MS scans, the mass range was 50-2000 Da, and each spectrum was acquired in 2 seconds. For LC-MS/MS, the duty cycle was one survey scan followed by one product ion scan (MS/ MS).
Protein identification
Protein identification was done by submitting LC-MS/ MS spectra to Mascot software (MatrixScience, Boston, MA) and searching against custom protein databases (see below). The parameters used for the Mascot search and protein homology clustering were previously detailed [16] . No multidimensional fingerprinting method was used. Annotation for each protein was performed using ExPASy Proteomics tools http://us.expasy.org/tools/ #proteome, Kegg GenomeNet Database Service http:// www.genome.jp/ and literature mining of orthologous genes and proteins.
Protein databases
The databases were composed of protein sequences obtained from the National Center for Biotechnology Information (NCBI) protein database (for B. abortus 2308, NC_007618 and NC_007624; for B. melitensis 16 M, NC_003317 and NC_003318; for Mus musculus, all protein sequences contained under taxonomy ID 10090) and of B. abortus 2308 "pseudoproteins" corresponding to the custom translation of pseudogenes. Genomic regions corresponding to the 316 entries annotated as pseudogenes in NCBI were directly translated and added to the database. Additionally, the ORF Finder tool from NCBI was used to determine other possible protein sequences corresponding to the pseudogenes. The ORF search was done by including 0 to 200 bp upstream or downstream from these regions. All resulting ORFs spanning the entire pseudogene sequence were kept. Ribosome binding sites were mapped when possible according to the sequence described in reference [41] . A total of 471 translated protein sequences were added to the NCBI databases.
Validation of mass spectrometry results
Sequences assigned to MS/MS spectra of peptides, which were mapped to pseudogenes or to genomic regions annotated as untranslated regions, were manually validated. For proteins identified by a single peptide, manual validation of the spectra was performed for peptide sequences having a Mascot score below 45.
Prediction of protein localization
The localization of newly demonstrated proteins was predicted using PSORTb version 2.0.4 http://www.psort.org/ psortb/index.html, CELLO version 2.5 http://cello.life. nctu.edu.tw/ and PSLpred http://www.imtech.res.in/ raghava/pslpred/index.html. For a localization to be assigned, a minimum of 2 of the 3 predictions had to match.
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